Abstract -Tunable, coherent radiation in the ultraviolet region has been generated by stimulated Raman scattering, by anti-Stokes Raman lasers, and by frequency-mixing processes based on nonlinear polarizabilities of atomic and molecular systems. Present progress in the development of these laser-driven sources is reviewed, with examples of available systems and their characteristics. Applications in spectroscopy are briefly discussed.
INTRODUCTION
Today, it is clear that laser sources have led to a complete revival of Raman spectroscopy with many important applications in physics, chemistry, and biology. And generally, the availability of tunable lasers in the visible and infrared wavelength regions has made possible significant advances in our understanding of the interaction of radiation and matter. At the present time there is a lack of lasers and especially of tunable lasers in the ultraviolet (UV), vacuum ultraviolet (VUV, from 200 to 100 ma), and extreme ultraviolet (xUv, from 100 to "2O ma) regions of the spectrum. In fact, only a few lasers have been made to operate at these short wavelengths, in spite of considerable efforts being made in the past decade. The excimer lasers, such as XeF (315 nm), XeCl (308 rim), KrF (248 rim), ArF (193 nm), Xe2 ("170 nm), and Ar2 ("120 nm), and the 112 laser ("llO nm) have been available for some time now, but these emit at discrete wavelengths or are tunable only over their relatively narrow bandwidths.
The difficulty in producing stimulated emission in the ultraviolet regions is well known, and arises from the basic relation that the probability for spontaneous emission, A, varies as v3B, where B is the probability for stimulated emission. Thus, losses in excited state population due to spontaneous emission increase rapidly at short wavelengths, and put severe demands on pumping sources in order to achieve inverted population. Various techniques are being explored to overcome these difficulties including recombination processes and excitation of ions; and in principle, the free-electron laser could operate at these short wavelengths. Much effort in this direction is being made in many laboratories, and we hope that new VUV and XIJV lasers will soon be reported.
In the meantime, there has been substantial progress in producing VUV and X1JV radiation by Raman scattering processes, by harmonic generation, and by frequency mixing of laser radiation in nonlinear media.
The resulting radiation is coherent, monochromatic, directional, and tunable over broad regions, and thus has all the characteristics of laser radiation except for high intensity. Nevertheless, the intensities achieved to date are sufficient for many applications in absorption and fluorescence spectroscopy, and we can expect that excitation of Raman and Brillouin spectra will soon follow.
It is my purpose to review these accomplishments, to sketch the basic theoretical concepts, describe the experimental methods used in generating tunable, coherent VIJV and XUV radiation, and to briefly discuss some recent spectroscopic applications.
STIMULATED RAMAN SCATTERING
Since the first observations of stimulated Raman scattering (ref. 1), it was clear that this process could be used to generate coherent radiation at prescribed wavelengths (ref.
2) by selection of the pump laser and Raman medium. In the intervening years, laserstimulated Raman Stokes and anti-Stokes radiation has been produced at specific wavelengths in the infrared, visible, and extending into the vacuum ultraviolet region. It is of interest to note that some of the earliest experiments were carried out with liquids (ref.
2) N2, 02, and 112, and with gases (ref.
3) H2, D2, and CH4. These are the most efficient Raman scattering media, and today, the gases 112, CH4, and N2 are the most generally useful for Raman shifting into the ultraviolet regions. There are several comprehensive reviews (ref. Here, Na and Nb are populations in the lower and upper states of the Raman transition, da/dq is the rate of change of polarizability with normal coordinate, n0 and n5 are the refractive indices at w0 and w5, r is the Raman linewidth and p the reduced mass. Eq. (1) describes a Stokes Raman laser producing coherent radiation at w .
In this brief and simplified description, we may consider that the strong pump and Stokes waves generate a coherent material excitation at w . This oscillation causes variations in the refractive index which then modulate and scitter the incident laser radiation (w0) thus producing sidebands or many orders of coherent Stokes and anti-Stokes radiation at frequencies wo nw r From Eq. (1) it is apparent that in molecular media, totally symmetric modes of vibration would lead to the highest Raman gain. This follows from our knowledge that in spontaneous
Raman scattering these vibrational modes exhibit the largest rates of change of polarizability and the sharpest Raman lines. Also, since usually Na -Nb > 0, an inverted population is not required for a Stokes Raman laser or for coherent anti-stokes scattering.
However, if Na < Nb, then one has the possibility of an anti-Stokes Raman laser, with exponential gain at a higher frequency (w = w0 + w ) than that of the pump. Both antiStokes coherent Raman scattering and anti-Stokes ifaman lasers now provide UV and VUV radiation. Recent progress will be reviewed below. Fig. 2 . A Nd:YAG laser was used to generate "300 mJ of second harmonic radiation at 532 nm, and this in turn pumped a dye oscillator-amplifier system to emit "'100 mJ at 545 nm. This radiation was focussed in a one meter Raman cell of H2 at a pressure of 2-3 atm, to yield up to 13 AS lines. The emitted energy was detected and measured with an evacuated prism spectrometer. In a more recent modification of this experiment, Dbele et al. (ref. 9) 
HARMONIC GENERATION AND FREQUENCY MIXING Theory
Laser-driven VUV sources are based on third harmonic generation (THG) or 4-wave sum mixing (4-WSM) in nonlinear media. These processes are usually described by the induced macroscopic polarization of the medium which, of course, is dependent on the polarizabilities of the atomic or molecular systems when irradiated by intense laser light (Armstrong et al. (ref. 18) ). It is well known that the polarization of a medium in the presence of a monochromatic field E(r,t) = X.E(w.) can be written as
where are the suscejibility tensors of nth order. The lowest order term producing nonlinear effects is x' '. However, this tensor has nonzero components only in noncentro-symmetric systems: isotropic media such as cubic crystals, liquids, and gases do not exhibit quadratic nonlira)rities. For third order processes such as THG and 4-WSH we need be concerned only with X , whose principal term may be written
Here, <gIpa> is the electric dipole matrix element between the ground state g> and an excited state a>, having a lifetime I , and Q = w -ii /2 is the energy difference ( Equation (1) shows that will be resonantly enhanced whenever the applied frequencies, w1, w2, w3, are such that the real part of the resonance denominator vanishes, namely when
two or three photon isonance, pectively. If any of w1, w2, w3 is set equal to a resonance frequency (Q etc.), x will be enhanced but the incident radiation will be strongly absorbed. Simlarly if w0 w1 + + w3 equals a resonance frequency, the generated radiation will be absorbed. If however, w1 + w2 is equal to a 2-photon resonance the incident radiation at w1 + w2 is expected 1jbe only weakly absorbed by the 2-photon transition, while the resonance enhancement of X ' could be just as strong as for the 1-photon resonances.
For third harmonic generation (THG), simplifies to
When 2w approaches resonance, undergoes strong (>iO) enhancement. For efficient THG, collinear phase-matching is necessary, that is, the refractive index n(3w) = n(w) in order to yield a maximum effective interaction length. With focused incident radiation, THG can be observed only in negatively dispersive media. Tunability is achieved by varying the incident frequency w.
For generating tunable radiation by 4-WM, the process w0 2w1 + w2 is of interest. then becomes 4 3e <gpa> etc.
Strong enhancement is again achieved by tuning 2w1 to a parity-allowed 2-photon resonance, b Tunability (and further enhancement) is then obtained by selecting w2 so that 2w1 + corresponds to the ionization continuum or to broad autoionizing levels above the ionization limit (Hodgson et al. (ref. 19) Frequency conversion into the VUV and XIJV regions has been achieved by a variety of laser systems. Powerful pulsed lasers such as ruby, Nd:YAG, Nd in glass, flashlamp pumped dye (FPD), rare gas excimer, and rare gas halide exciplex lasers provide the primary coherent radiation. In some systems, tunable radiation from dye lasers (> 320 rim) is used directly, and in others laser radiation (> 400 nm) is doubled once or twice in nonlinear crystals to produce coherent radiation in the UV to about 200 nm.
Subsequently, the coherent IJV radiation is converted to coherent VUV and XLJV by THG or frequency mixing in rare gases or metal vapors. These methods all use a cell or heat pipe to contain the nonlinear gas.
Windows of LiF are used to the limit of transmittance at '404 rim; for generation to shorter wavelengths, pinholes (ref. 24) and capillary arrays (ref. 25) with differential pumping are used. Recently, pulsed supersonic jets have been introduced for harmonic generation with rare gases (refs. 26,27) .
Specific atomic (and molecular) systems are selected because of their large third order nonlinear susceptibility, suitability of energy levels for resonance enhancement, and low absorption at the desired VUV or XUV wavelength.
In our laboratory, we use essentially the same 4-WSM technique as that described by Hodgson, Sorokin, and Wynne (ref. 19 ) who generated VUV radiation tunable from 200 to 177 nm in Sr vapor. By using Mg, Zn, or Hg (ref. 28) vapor as the nonlinear medium, we have extended the tuning range to the transmission limit of LiF windows at "P104 nm. The experimental arrangement is shown in Fig. 6 . A N2 laser (Molectron-UV1000) or excimer KrF/XeCl laser (Luinonics TE-861M) pumps two dye lasers at frequencies V1 and V2. With the N2 laser pump, each dye laser prodijs '40 kW pulses of "7 ns duration with linewidths "0.1 cm-1. Resonance enhancement of x is achieved by setting 2v1 to a 2-photon resonance in the atomic system, and the second laser (v2) is scanned over the breadth of a suitable autoionizing level to obtain a broad range of tunability (Fig. 7) . The two beams are spatially overlapped in a Glan-Thompson prism, and focused near the exit end of a heat-pipe (The frequencies WL UiD and refer to the output of a Nd:YAG laser, a dye laser and harmonic of the dye laser, respectively.) For these experiments, Hilbig and Wallenstein used the second harmonic radiation of a Nd:YAG laser (A1) to excite a dye-laser oscillator-amplifier system. This system operated at = 550 to 6S0 rim, with output powers of 3 to 5 MW in pulses of "'6 ns duration, and witfI a bandwidth of "0.02 cm-1. This tunable visible radiation was then doubled in KDP to produce tunable UV radiation at powers of '4 MW. Both visible and ultraviolet radiation was focused in the rare gas, and the resulting VUV radiation analyzed with a monochromator and detected by a solar-blind photomultiplier and NO ionization cell. This multi-laser system, with further flexibility in order to fill in the few gaps in tuning range, will be a useful source for spectroscopy in the region 100 to 200 run. More recently Wallenstein and his group have generated XUV radiation by nonresonant frequency tripling in Ar (from 97.4 - A schematic outline of a typical multi-laser system is shown in Fig. 8 . The tunable output of a single-frequency, cw dye laser at "'580 rim was pulse-amplified in a three-stage, XeF-pumped, amplifier. The "10 ns, 20 mJ pulses were focused into Sr vapor to generate third harmonic radiation at "'193 rim, in 5 ns pulses of 200 mW peak power. These pulses were then amplified in two ArF laser amplifiers to produce "5 ns pulses of 6 MW peak power and "'0.01 cm-1 bandwidth, tunable within the ArF gain profile. This radiation was focused and tripled to 64 nm in Kr, Ar, and H2. Another similar system with a final KrF amplifier generated radiation at 248 nm.
This was tripled in flowing Xe to produce radiation at "'83 nm.
In Fig. 9 is shown the system developed by Kung and his colleagues (refs. 27,36) for use with gases at. high densities, emitted from a pulsed supersonic nozzle, as nonlinear media.
The pump source of Nd:YAG -dye laser -and frequency doubler provided tunable radiation of "'10 MW at "'300 rim, for frequency tripling in Xe, Kr, Ar, Ne, H2 or CO. Ar was the most efficient, giving ,108 photons per 3 ns pulse (and lOW peak power) over the range 102.3 to 97.3 run. Fig. 9 . Laser and pulsed supersonic jet (refs. 27,36) with Xe, Kr, Ar, Ne, H2 or CO used to produce VUV and XUV radiation by third harmonic generation. xtn7 from a range of laser dyes.
Pd E parametric oscillator (signal and idler wavelengths A A.).
The nonlinear media and laser systems used at the present time to generate tunable, coherent, VUV and XUV radiation are summarized in Tables 1 and 2 .) The resulting tunable radiation retains all of the properties of the generating laser radiation including coherence, directionality, narrow linewidth and short-pulse duration, with the exception of high intensity. Nevertheless the generated VUV radiation has peak spectral brightness several orders of magnitude greater than that available from incoherent sources, including synchrotrons. Moreover, the monochromaticity achieved to date provides resolving powers X/&t > 1O, and thus these sources are ideally suited for high-resolution spectroscopy.
APPLICATIONS IN SPECTROSCOPY
To date, the laser-driven sources based on harmonic generation and frequency mixing have been used in a number of experiments to measure radiative lifetimes and to record absorption and laser-induced fluorescence spectra. While some of the anti-Stokes Raman sources have demonstrated high intensity and are being applied to specific problems of impurity detection in plasmas, their general utility in spectroscopy awaits the development of systems with broad tunability. Here, several typical spectroscopic applications of the above VUV and X1JV sources are given to illustrate their usefulness.
The monochromaticity (%0.2 cm-') and short pulse duration ("l to 5 The electronic spectra of rare gas dimers have been a subject of interest for many years, mainly because these dimers are model systems for studying van der Waal's interactions, and because of their potential as media for VUV and XUV lasers. Yet very little is known about the excited states of these dimers. Two experimental techniques were combined in our laboratory for this investigation (ref. 40): four-wave sum-mixing (4-WSM) and a pulsed supersonic jet to produce rotationally and vibrationally cold dimer molecules. In this way it was possible to resolve rovibronic structures in several isotopic band systems of Xe2, Kr2 and Ar2, in the region 150 to 104 nm. Thus, for the first time, the spectroscopic constants and potential energy curves of the lowest three excited states were determined for each of these dimers. With the spectrum shown in Fig. 11 , it was possible to demonstrate that Hund's case (c) coupling holds for Ar2, and to establish the symmetries of the electronic states.
In Fig. 12 is shown a portion of the 7-0 Lyman band of H2 obtained by Marinero et al. (ref. 36) using the experimental arrangement given in Fig. 9 . As shown by the lower trace taken at 1/10 the pressure of that for the absorption spectrum (upper trace), detection by laserinduced fluorescence is clearly a far more sensitive technique. The observation of this spectrum of 112 at such low density ("P2 X io molecules/cm3) suggests the possibility of investigating the resonance Raman spectrum of H2 in the near future. Obviously, H2 would be an ideal medium for a complete understanding of the resonance Raman effect. 
